DZ, Semenza GL, Deitch EA, Feinman R. Hypoxia-inducible factor plays a gut-injurious role in intestinal ischemia reperfusion injury. Am J Physiol Gastrointest Liver Physiol 300: G853-G861, 2011. First published December 23, 2010 doi:10.1152/ajpgi.00459.2010.-Gut injury and loss of normal intestinal barrier function are key elements in the paradigm of gutorigin systemic inflammatory response syndrome, acute lung injury, and multiple organ dysfunction syndrome (MODS). As hypoxiainducible factor (HIF-1) is a critical determinant of the physiological and pathophysiological response to hypoxia and ischemia, we asked whether HIF-1 plays a proximal role in the induction of gut injury and subsequent lung injury. Using partially HIF-1␣-deficient mice in an isolated superior mesenteric artery occlusion (SMAO) intestinal ischemia reperfusion (I/R) injury model (45 min SMAO followed by 3 h of reperfusion), we showed a direct relationship between HIF-1 activation and intestinal I/R injury. Specifically, partial HIF-1␣ deficiency attenuated SMAO-induced increases in intestinal permeability, lipid peroxidation, mucosal caspase-3 activity, and IL-1␤ mRNA levels. Furthermore, partial HIF-1␣ deficiency prevented the induction of ileal mucosal inducible nitric oxide synthase (iNOS) protein levels after SMAO and iNOS deficiency ameliorated SMAO-induced villus injury. Resistance to SMAO-induced gut injury was also associated with resistance to lung injury, as reflected by decreased levels of myeloperoxidase, IL-6 and IL-10 in the lungs of HIF-1␣ ϩ/Ϫ mice. In contrast, a short duration of SMAO (15 min) followed by 3 h of reperfusion neither induced mucosal HIF-1␣ protein levels nor caused significant gut and lung injury in wild-type or HIF-1␣ ϩ/Ϫ mice. This study indicates that intestinal HIF-1 activation is a proximal regulator of I/R-induced gut mucosal injury and gut-induced lung injury. However, the duration and severity of the gut I/R insult dictate whether HIF-1 plays a gut-protective or deleterious role.
Because the gut acts as the "motor" of SIRS, ARDS, and MODS (6) and therapy for the critically ill patient remains largely supportive, studies identifying the underlying pathophysiological factors in the gut that initiate and propagate SIRS, ARDS, and MODS are of critical importance. To date, studies investigating the gut inflammatory/injurious response have primarily focused on the reperfusion phase of the gut I/R insult. Examples include proinflammatory mediators, such as cytokines [(IL-1␤) (35) ], transcription factors [NF-B, (3) AP-1 (55) ], inducible nitric oxide synthase (iNOS)-derived nitric oxide (50) , reactive oxygen species (45) , cyclo-oxygenase-2 (22) , and poly (ADP-ribose) polymerase (31) . However, the induction of many of these factors is secondary to or accentuated by hypoxia, which accompanies ischemia and precedes reperfusion. We hypothesized that the molecular response triggered by hypoxia-ischemia is critical for initiating the sequence of events that leads to the development of gut injury and MODS.
Hypoxia-inducible factor-1 (HIF-1) has emerged as a critical determinant in the pathophysiological response to hypoxiaischemia in conditions, such as cerebral and myocardial ischemia, and its induction is an early reperfusion-independent component of the inflammatory response (22) . Given our observations that HIF-1␣ levels persisted in the ileal mucosa of male rats subjected to two models of intestinal I/R injury (trauma hemorrhagic shock and superior mesenteric artery occlusion, SMAO), despite restoration of intestinal blood flow and that Pseudomonas aeruginosa was able to induce HIF-1␣ expression in several enterocytic cell lines under normoxic conditions (30) , we hypothesized that prolongation of the intestinal HIF-1 response could be potentially maladaptive/ injurious and contribute to loss of gut barrier function and the development of distant organ injury. In this study, we tested whether partial HIF-1␣ deficiency would attenuate intestinal I/R-induced gut and lung injury.
MATERIALS AND METHODS

Mice. The generation and genotyping of HIF-1␣
ϩ/Ϫ and HIF-1␣ ϩ/ϩ mice on a C57B6/129 genetic background was described previously (25) . iNOS knockout mice and their wild-type littermates (C57B6/129 genetic background; Jackson Laboratory) were also used in the experiments. All animal procedures were approved by the Animal Care and Use Committee of the University of Medicine mice (10 -12 wk old) were anesthetized with pentobarbital sodium (50 -70 mg/kg ip). In the SMAO groups, the superior mesenteric artery was reversibly occluded at its origin with the aorta for 15 or 45 min using 4 -0 suture. Immediate blanching of the small intestine and cecum verified that the blood supply to these intestinal segments had been completely shut off. The intestinal contents were then placed back in the abdomen, and the gut was temporarily closed with a hemostat. After 15 or 45 min of SMAO, the suture was removed, and reperfusion of the intestinal segments was confirmed, after which the incision was closed, and the mice were allowed to awaken 3 h later. Anesthetized mice subjected to sham SMAO, had a midline laparotomy performed, and their loops of bowel eviscerated for 15 min followed by replacement of contents and closure of the abdomen. Three hours after reperfusion, segments of ileum, and samples of lung were harvested for histological examination. Ileal mucosa of the distal ileum was also obtained by gentle scraping with a cover slip. Morphological analysis of gut and lung injury. At death, terminal ileum or lung was fixed in 10% buffered formalin, processed, stained with hematoxylin and eosin, and examined by light microscopy. For each animal, the criteria used to score the degree of villus injury were based on an established grading system (5). The numerical scores were the following: 0 ϭ normal mucosa; 1 ϭ development of subepithelial Gruenhagen's space and vacuolization at the villus tip; 2 ϭ decreased villus height and extension of the subepithelial space with moderate lifting of epithelial layer from the lamina propria; 3 ϭ massive subepithelial lifting/sloughing and increased vacuolization from the tip to midportion of villus; 4 ϭ epithelial lifting and vacuolization from the tip to lower portion of villus; and 5 ϭ mucosal ulceration and disintegration of the lamina propria. All slides were evaluated by two examiners.
Measurement of intestinal permeability. The everted gut sac method using fluorescein isothiocyanate-labeled 4-kDa dextran (FD4) was performed as previously described (44) . Permeability was expressed as the mucosal-to serosal clearance of FD4.
Myeloperoxidase. Frozen ileal mucosa and lung tissue were homogenized and processed for myeloperoxidase (MPO) activity measurement, as previously described (56) . MPO activity in these supernatants was determined by measuring the H2O2-mediated oxidation of o-dianisidine hydrochloride at 460 nm. MPO activity was determined by using a standard curve from MPO derived from human leukocytes (Sigma Aldrich) and normalized to milligram of protein determined by bicinchoninic acid protein assay (Pierce).
Real-time PCR. Total RNA was prepared from ileal mucosa or lung tissue using RNeasy (Qiagen), and cDNA was synthesized using the high-capacity cDNA reverse transcription kit (Applied Biosystems), according to the manufacturer's protocols. cDNA was then amplified by PCR with TaqMan gene expression Master Mix and predesigned TaqMan probes for murine HIF-1␣, TNF-␣, IL-1␤, IL-6, and IL-10, as recommended by Applied Biosystems. Within each experimental group, mRNA expression was normalized to 18S rRNA amplification (⌬Ct) and then fold changes in expression relative to WT sham (⌬⌬Ct) was determined using 2 Ϫ(⌬⌬Ct) (42) . Western blot assays. Whole cell extracts (WCE) prepared from ileal mucosal scrapings and lung tissue as described previously (30) were resolved by SDS-PAGE and detected by Western blot assays. The following antibodies were used: iNOS (BD Biosciences), HIF-1␣ (Novus Biologicals), and p42/p44 (Cell Signaling). The Western blot signals were developed with ECL Plus (Amersham) and analyzed by densitometry using an AlphaImager 3400 imaging system and AlphaEase FC software (Alpha Innotech).
HIF-1␣ ELISA. Total HIF-1␣ protein concentrations (pg/ml) were measured in WCE using Human/Mouse Total HIF-1␣ DuoSet plate (R&D Systems), according to the manufacturer's instructions.
Caspase-3 activity assay. Caspase-3 activity in the ileal mucosa was determined according to the instructions provided by the caspase-3/CPP32 colorimetric assay kit with DEVD-pNA substrate (Biovision).
Malondialdehyde assay. Malondialdehyde (MDA) concentration, a marker of lipid peroxidation, was measured in whole ileum tissue that was homogenized in 1.15% KCl buffer, as previously described (1) . Ileal homogenate (100 g) in a 500-l reaction volume (0.4% SDS, 0.3% thiobarbituric acid, and 0.75% acetic acid, pH 3.5) was incubated at 95°C for 45 min and then centrifuged at 10,000 g for 10 min. The supernatant was collected, and the MDA concentration (M) was determined spectrophotometrically at 532 nM using a standard curve using malonaldehyde bis (Sigma Aldrich).
Statistical analysis. Statistical significance among groups for villus injury score, in vivo intestinal permeability, polymorphonuclear leukocytes (PMN) infiltration, and MPO activity was determined by one-way ANOVA analysis followed by the Tukey-Kramer or Neuman-Keuls test. For real-time PCR analysis, data were analyzed by the Mann-Whitney U-test. P values less than 0.05 were considered statistically significant.
RESULTS
Partial HIF-1␣ deficiency attenuates gut I/R-induced villus injury.
To elucidate the functional significance of the intestinal HIF-1␣ response to intestinal I/R in vivo, an isolated SMAO intestinal I/R injury model was used in which HIF-1␣ ϩ/Ϫ and WT littermate mice were subjected to SMAO or sham surgery for 45 min and killed after 3 h of reperfusion. As reported previously, mice homozygous for a null (knockout) allele at the locus encoding HIF-1␣ die on embryonic day 10, whereas HIF-1␣ ϩ/Ϫ mice, which are heterozygous for the knockout allele, develop normally and are indistinguishable from their WT littermates under normoxic conditions (25, 40, 48) . We first determined HIF-1␣ mRNA levels in ileal mucosal scrapings of sham-and SMAO-operated WT and HIF-1␣ ϩ/Ϫ mice by real-time PCR analysis. As shown in Fig. 1A , HIF-1␣ mRNA levels were markedly upregulated in WT mice subjected to SMAO compared with their sham counterparts (P Ͻ 0.001), whereas there was no induction of HIF-1␣ mRNA expression in HIF-1␣ ϩ/Ϫ mice subjected to SMAO. There was a significant difference in HIF-1␣ mRNA levels between WT and HIF-1␣ ϩ/Ϫ mice subjected to SMAO (P Ͻ 0.009). Using an ELISA that measured the concentration of HIF-1␣, we found that compared with Sham, SMAO increased intestinal HIF-1␣ protein levels in WT mice (Fig. 1B) . In contrast, HIF-1␣ protein levels were not elevated in HIF-1␣ ϩ/Ϫ mice subjected to SMAO.
We then determined the effects of partial HIF-1␣ deficiency on SMAO-induced villus injury. Histological evaluation of early ileal mucosal damage revealed extensive blunting of the villi tips, appearance of subepithelial lifting, congestion, and sloughing of the villi tips in WT mice subjected to SMAO compared with their sham counterparts (Fig. 1C) . The mean villus injury score for the WT SMAO and WT sham group were 4 Ϯ 0.32 and 1.3 Ϯ 0.18, respectively (Fig. 1D ). In contrast, the mucosal damage in the ileal mucosa of SMAOoperated HIF-1␣ ϩ/Ϫ mice was not pronounced, manifesting an injury score of 2.4 Ϯ 0.43 compared with 1.0 Ϯ 0.14 in the HIF-1␣ ϩ/Ϫ sham group. The most prominent observation was the absence of blunting and sloughing of villi tips and congestion in HIF-1␣ ϩ/Ϫ mice subjected to SMAO. Thus, partial HIF-1␣ deficiency conferred significant protection against SMAO-induced villus injury.
HIF-1 activation is involved in gut barrier dysfunction and the mucosal inflammatory response. To provide additional evidence that HIF-1 plays a maladaptive role in SMAO-induced gut injury, we examined the effects of HIF-1 on loss of intestinal barrier integrity. Because increased intestinal permeability is causally related to intestinal I/R (16), we tested the hypothesis that HIF-1␣ activation contributes to I/R-induced increased gut permeability. As shown in Fig. 2A , intestinal permeability to FD4 in the ex vivo everted gut sacs of the WT mice subjected to SMAO was three-fold higher relative to the sham WT group (P Ͻ 0.001). In contrast, there was no pronounced change in intestinal permeability in HIF-1␣ ϩ/Ϫ mice subjected to SMAO (P Ͻ 0.001 vs. WT SMAO). Our results demonstrate that the SMAO-induced intestinal HIF-1 response modulated intestinal permeability.
We then measured the extent of lipid peroxidation in ileal mucosal extracts as a marker of oxidant-induced mucosal damage after SMAO. Specifically, polyunsaturated fatty acids in membranes are sensitive to oxidative damage and are broken down into the peroxidation product, MDA. As shown in Fig.  2B , the intestinal MDA concentration was increased in WT mice subjected to SMAO compared with sham-operated WT mice (P Ͻ 0.05). There was no significant change in MDA levels in HIF-1␣ ϩ/Ϫ mice after SMAO, thereby indicating that reduced HIF-1␣ afforded protection from oxidant-induced intestinal injury.
We also studied caspase-3 activation since it has been implicated in gut injury models of I/R (28, 29), hypoxia (13), and ischemia (2, 18) , and the caspase 3 promoter has been reported to contain a functional HIF-1 response element (52) . After SMAO, caspase-3 activity was 2.5-fold higher in the ileal mucosa of WT mice relative to HIF-1␣ ϩ/Ϫ mice (P Ͻ 0.05, Fig. 2C ). The caspase-3 activity in HIF-1␣ ϩ/Ϫ mice subjected to SMAO was identical to sham controls. This observation suggests that HIF-1 manifests a proapoptotic role during intestinal I/R injury.
Lastly, we asked whether the intestinal HIF-1 response modulated the mucosal inflammatory response. As shown in Fig. 2D , IL-1␤ mRNA levels were augmented in the ileal mucosa of WT mice but not in HIF-1␣ ϩ/Ϫ mice after SMAO (P Ͻ 0.03). Although TNF-␣ expression was not affected by SMAO, endogenous TNF-␣ mRNA levels were significantly lower in HIF-1␣ ϩ/Ϫ mice compared with WT mice (P Ͻ 0.006, Fig. 2E ). These observations suggest that HIF-1 modulates intestinal injury and inflammation in response to an acute gut ischemic insult.
HIF-1 mediates gut I/R injury via an iNOS response.
Since iNOS is a downstream target of HIF-1 (33, 34, 38) that has been implicated as a critical inflammatory and injurious mediator of I/R-induced gut barrier failure (17, 50, 54) , we asked whether HIF-1 modulated iNOS expression during intestinal I/R injury. A marked difference in the induction of iNOS protein expression was observed in the ileal mucosa between HIF-1␣ ϩ/Ϫ and WT mice after SMAO (Fig. 3A) . Endogenous iNOS protein levels were undetectable or low in sham-operated HIF-1␣ ϩ/Ϫ and WT mice, respectively, and increased markedly in response to SMAO in WT mice only. As shown in Fig.  3B , histological examination of the ileum from WT mice subjected to SMAO showed mucosal ulceration, subepithelial lifting, and sloughing, whereas examination of the ileum from iNOS Ϫ/Ϫ -deficient mice after SMAO revealed no obvious mucosal damage. Taken together, our results suggest that induction of HIF-1 is a proximal event that is necessary for the induction of intestinal iNOS, a key mediator of intestinal injury.
HIF-1 plays a role in gut I/R-induced lung injury. Because numerous studies have shown that intestinal I/R injury leads to the development of a systemic inflammatory response and lung injury (6, 12), we asked whether SMAO-induced lung inflammation and injury were dependent on HIF-1. As shown in Fig. 4A , the sequestration of PMN in the lung was assessed by measuring MPO levels in lung homogenates. Increased MPO activity was evident in lungs of WT mice subjected to SMAO compared with sham controls (P Ͻ 0.01). MPO levels in the lungs of SMAO-induced HIF-1␣ ϩ/Ϫ mice were not significantly increased compared with sham controls. We also determined whether HIF-1 modulated the lung inflammatory response that was induced as a consequence of intestinal I/R injury. As shown in Fig. 4 , B and C, increased IL-10 and IL-6 mRNA levels were found in lungs of WT mice subjected to SMAO relative to sham controls. Although IL-10 mRNA levels were 
A: WT and HIF-1␣
ϩ/Ϫ mice were subjected to SMAO or sham for 45 min and 3 h of reperfusion. Whole cell extracts prepared from mucosal scrapings from the distal ileum were examined for iNOS expression by Western blot analysis. Total p42/p44 expression was done to verify equal loading of our samples. The numbers refer to individual mice. B: WT and iNOS Ϫ/Ϫ mice were subjected to SMAO or sham for 45 min and 3 h of reperfusion. Representative sections of H&E staining of the distal ileum in mice subjected to SMAO (n ϭ 5-7 mice/group).
also increased after SMAO in HIF-1␣
ϩ/Ϫ mice compared with sham controls, partial HIF-1␣ deficiency significantly reduced IL-10 induction (P Ͻ 0.03). Additionally, SMAO did not induce IL-6 expression in HIF-1␣ ϩ/Ϫ mice. Collectively, our results suggest the involvement of HIF-1 in SMAO-induced lung injury and inflammation.
Duration of the intestinal ischemic insult is required to activate HIF-1 and downstream responses.
Since studies have shown that the severity of intestinal I/R injury is directly proportional to the duration of the ischemic insult, we determined the effects of short duration of SMAO (15 min) followed by 3 h of reperfusion. As shown in Fig. 5A , HIF-1␣ protein levels were not elevated in the ileal mucosa of WT mice after SMAO compared with control shams. Histological analysis did not show pronounced blunting, subepithelial lifting in the villi tips, or mucosal ulceration in WT or HIF-1␣ ϩ/Ϫ mice subjected to 15 min SMAO and 3 h of reperfusion (Fig.  5B ) in contrast to WT mice subjected to 45 min SMAO and 3 h of reperfusion (Fig. 1C) . In addition, lipid peroxidation of the ileum was not elevated in WT or HIF-1␣ ϩ/Ϫ mice subjected to 15 min SMAO and 3 h of reperfusion compared with their respective sham controls (Fig. 5C) . Finally, there was also no evidence of pulmonary PMN sequestration (Fig. 5D ) in WT or HIF-1␣ ϩ/Ϫ mice subjected to 15-min SMAO. Taken together, our results suggest that the duration of the SMAO insult determines whether HIF-1 is activated and triggers a pathogenic response to intestinal I/R.
DISCUSSION
Gut injury and loss of normal intestinal barrier function are key elements in the paradigm of gut-origin SIRS and MODS. The gut is a unique organ because it is a major target for injury during stress states (51) and a source of factors that are responsible for the development of acute lung injury after major trauma and shock. Several factors have been proposed linking gut injury and inflammation to the development of systemic inflammation and distant organ dysfunction. These factors include cytokines and chemokines, nitric oxide, and oxidants, as well as translocating bacteria and their products, such as endotoxin (6) . Many of these same factors may also be involved in transducing gut I/R to gut inflammation. Our earlier studies have demonstrated that gut ischemia in vivo induces an intestinal mucosal HIF-1 response that does not disappear upon reoxygenation of the intestine and that this persistence of the HIF-1 response appears to be, at least in part, mediated by translocating intestinal bacteria and/or bacterial products, such as lipopolysaccaride (30) . The present study provides four lines of evidence that HIF 1 acts as a proximal mediator of intestinal injury and subsequent lung injury and inflammation in response to gut I/R. First, using partially HIF-1␣-deficient mice, we have established a direct relationship between HIF-1 activation and intestinal I/R injury. Second, our SMAO results demonstrate that HIF-1 activation is associated with loss of gut barrier function (increased intestinal permeability, lipid peroxidation, and apoptosis), pronounced villus injury, and a marked gut-derived inflammatory response. Third, our results indicate that the deleterious effects of HIF-1 in gut ischemic states may be due, at least in part, to the induction of iNOS. Fourth, these studies also demonstrate that resistance to intestinal I/R injury is associated with resistance to lung injury and inflammation in partially HIF-1␣-deficient mice. The direct relationship between HIF-1 activation and SMAO-induced intestinal I/R injury validates our recent study demonstrating that HIF-1 activation-mediated gut and lung injury in a global trauma-hemorrhagic shock model (15) .
The HIF-1 signaling pathway has emerged as a major regulator of intestinal homeostasis and appears to manifest a dichotomous role in gut inflammatory disease (7) . Our findings in the 45-min SMAO model indicating that HIF-1 plays a maladaptive role in an acute gut inflammatory and injury response stand in contrast to reports that HIF-1 attenuates intestinal inflammation and induces the expression of gut ϩ/Ϫ mice were subjected to SMAO or sham for 45 min and 3 h of reperfusion. A: MPO activity (U/mg of protein) was measured in the lung homogenates. Values expressed as means Ϯ SE (n ϭ 5-8/group). B: real-time PCR analysis of cytokines in the lung was performed using the ⌬⌬Ct method. IL-6 and IL-10 expression was normalized to 18S, and the relative expression was compared with WT sham controls. Values are expressed as means Ϯ SE (n ϭ 4 -6 mice/group).
barrier-protective genes in several chronic colonic inflammatory bowel disease models (7) . Conditional deletion of HIF-1␣ in the colon resulted in the loss of gut barrier function and amplification of intestinal inflammation in 2,4,6-trinitrobenzene sulfonic acid-induced colitis (27) , oxazolone-induced colitis (27) , and Clostridium difficile-induced colitis (23) . Additionally, the pharmacological activation of HIF-1 by prolyl hydroxylase inhibitors conferred mucosal protection in several murine models of colitis (8, 43) . There are several potential model-related reasons for these differences. We have investigated an acute I/R model that involves the small intestine and not the colon. In contrast, the colitis studies involved chemicalinduced injury of the colon that evolves over days. Adding complexity to the potential roles of HIF-1 in gut injury, investigators using a specific epithelial HIF-1␣-deficient mouse found that the hyperinflammatory response in dextran sodium-sulfate-induced colitis model was augmented rather than ameliorated (49) .
In the context of acute intestinal I/R injury, previous work has demonstrated that HIF-1-dependent activation of ecto-5=-nucleotidase and A2B adenosine receptor ameliorated SMAOinduced gut I/R injury (20, 21) . This work used a 15-min SMAO model, which is at odds with our findings, since we did not observe significant histological damage or oxidant-induced injury in the ileum in WT or HIF-1␣ ϩ/Ϫ mice after a short duration of SMAO (15 min) followed by 3 h of reperfusion. We did not find mucosal HIF-1␣ protein levels to be increased in WT mice after this short period of SMAO. Additionally, there was no evidence of gut I/R-induced lung injury. The reason for the differences between these studies and our results is not clear. However, our observation that a longer period of SMAO (45 min) followed by 3 h of reperfusion was associated with pronounced intestinal and lung injury and inflammation is consistent with studies demonstrating that the magnitude of apoptosis and severity of mucosal injury is directly proportional to the duration of intestinal ischemic insult (4, 37) . Furthermore, real-time analysis of acute mucosal events in the villus epithelium demonstrated that although strong intracellular acidification and increased mitochondrial energy production were evident in the jejunum within 5 min of ischemia, the adverse effects of a short period of ischemia (15 min) were reversible upon reperfusion, whereas after a long period of ischemia (40 -50 min), mucosal damage was irreversible upon reperfusion (19) . Taken together, these results suggest that the duration and severity of the intestinal ischemic insult are critical determinants of whether HIF-1 plays a gut-protective or deleterious role. ϩ/Ϫ mice were subjected to SMAO or sham for 15 min and 3 h of reperfusion. A: HIF-1␣ protein levels (pg/ml) in the ileal mucosa were quantified in a HIF-1␣ ELISA. Values are expressed as means Ϯ SE (n ϭ 8 -11 mice/group). B: representative sections of H&E staining of the distal ileum (n ϭ 8 -16 mice/group). C: MDA levels (M/100 g protein) were measured in whole ileal homogenates. Values are expressed as means Ϯ SE (n ϭ 6 mice/group). D: MPO activity (U/mg of protein) was measured in the lung homogenates (n ϭ 4 -8 mice/group).
Given that HIF-1 regulates iNOS expression (33, 34, 38) and iNOS-derived nitric oxide (NO) impairs gut barrier function in shock states (11, 17, 54) , our results indicate that the deleterious effects of HIF-1 in gut I/R injury may be due, at least in part, to the induction of iNOS expression. Ileal mucosal iNOS expression was reduced in partially deficient HIF-1␣ mice subjected to 45-min SMAO and 3 h of reperfusion compared with WT mice. Additionally, mucosal HIF-1␣ expression was not reduced in iNOS Ϫ/Ϫ mice subjected to SMAO, despite the attenuation of villus injury (data not shown). HIF-1 is, therefore, proximal to iNOS, and HIF-1-induced increases in iNOS expression are, at least, partly responsible for the injurious effects of HIF-1. Consistent with our results, studies have shown that HIF-1-induced iNOS mediates the cytotoxic effects of HIF-1 in astrocytes resulting in neuronal cell death (53) and that HIF-1 binds to the iNOS promoter in the ischemic tissue after cerebral ischemia (33) . In addition to the brain, crosstalk between iNOS and HIF-1␣ has also been demonstrated in trauma hemorrhagic shock-induced hepatic injury (26) . Furthermore, recent studies have demonstrated caspase-3 activation in models of hemorrhagic shock (28, 29) , hypoxia (13) , and ischemia (2, 18) and that increased caspase-3 protein and activity are regulated via iNOS (28, 36) . Thus, our results showing that HIF-1 activation is associated with both increased iNOS expression and caspase-3 activation in the ileal mucosa are consistent with this published work, as well as studies showing that a functional HIF-1 response element is present within the caspase-3 promoter (52). These findings suggest that prolonged HIF-1 activation may contribute to impaired gut barrier function by promoting intestinal cell death. While our results suggest that iNOS and caspase-3 may be necessary in HIF-1-mediated gut injury, these results do not exclude the possibility that other HIF-1 regulated genes, as well as reactive oxygen species and HIF-1-independent factors, are also involved in I/Rinduced impaired gut barrier function.
More support for the concept that HIF-1 plays an inflammatory role during gut I/R injury stems from our observations that a longer duration of 45 min SMAO followed by 3 h of reperfusion augmented IL-1␤ and iNOS expression in the ileal mucosa of WT mice, and their upregulation was not evident in HIF-1␣ ϩ/Ϫ mice. On the basis of recent studies showing that cytokines (46) , bacteria (30, 39) , LPS (30, 47) , and nitric oxide (9) are capable of activating HIF-1 in numerous cell types, including enterocytes, it is possible that gut I/R-induced inflammatory mediators act in a positive feedback loop to sustain elevated HIF-1 levels, thereby, shifting the balance from HIF-1 being adaptive to maladaptive. It would also be of interest to deteremine whether HIF-2␣ manifests a proinflammatory role in our SMAO model using mice devoid of HIF-2␣ in the intestinal epithelium since HIF-2␣ has been recently implicated in myeloidand colonic-mediated inflammatory responses (24, 32, 49) .
Our observations showing that SMAO-induced gut injury was associated with an augmented pulmonary inflammatory response, as manifested by increased PMN sequestration and elevated cytokine levels, are consistent with I/R-induced gut injury leading to distant organ injury and dysfunction (10) . Thus, the fact that protection from SMAOinduced gut injury was associated with protection from lung injury in the HIF-1␣ ϩ/Ϫ mice is not surprising and fits the gut hypothesis of MODS. However, the lung-protective effects observed in the HIF-1␣ ϩ/Ϫ mice might be more complex than purely their resistance to SMAO-induced gut injury. Specifically, we found that HIF-1 modulated both pulmonary IL-6 and IL-10 expression after SMAO, and both IL-6 and IL-10 have been shown to be regulated by HIF-1 (41, 49) . Thus, it is possible that the relative deficiency in pulmonary HIF-1 in the HIF-1␣ ϩ/Ϫ mice could have also exerted a protective effect. Future work will be required to resolve this issue.
In summary, loss of gut barrier function and the induction of the inflammatory response as a consequence of splanchnic ischemia and reperfusion contribute to a HIF-1 response that is maladaptive. Because the mortality rate for patients who manifest ARDS and MODS is 30 -50% and current therapy is largely supportive (14) , delineating the role of the HIF-1 as both a trigger and mediator of gut I/R injury has the potential to provide novel insights into the pathogenesis of acute organ dysfunction and the development of novel target-based therapies.
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